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We perform an updated coupled-channel analysis of eta-meson production including all recent 
photoproduction data on the proton. The dip observed in the differential cross sections at cm. 
energies W=1.68 GeV is explained by destructive interference between the 5ii(1535) and 5ii(1560) 
states. The effect from Pii(1710) is found to be small but still important to reproduce the correct 
shape of the differential cross section. For the ■k~ N ^ rjN scattering we suggest a reaction mecha- 
nism in terms of the 5*11(1535), Sii(1560), and Pii(1710) states. Our conclusion on the importance 
of the 5*11(1535), Sii(1560), and Pii(1710) resonances in the eta-production reactions is in line with 
our previous results. No strong indication for a narrow state with a width of 15 MeV and the mass 
of 1680 MeV is found in the analysis. r/N scattering length is extracted and discussed. 

^ [ PACS numbers: 11.80.-m,13.75.Gx,14.20.Gk,13.30.Gk 

(N 
D 

pLi . I. INTRODUCTION 

(N 

04 ' The discovery of nucleon resonances in the first pion-nucleon scattering experiments provided first indications for 
a complicated intrinsic structure of the nucleon. With establishing the quark picture of hadrons and developments 
of the constituent quark models the interest in the study of the nucleon excitation spectra was renewed. The major 
question was the number of the excited states and their properties. This problem was attacked both experimentally 
and theoretically. On the theory side constituent quark (CQM) models, lattice QCD and Dyson-Schwinger approaches 
have been developed to describe and predict the nucleon resonance spectra (see e.g. [l| for a review). The main problem 
remains, however, a serious disagreement between the theoretical calculations and the experimentally observed baryon 
spectra. This concerns both the number and the properties of excited states. 

On the experimental side pion-induced reactions have been studied to establish resonance spectra. However, due 
' to difficulties in detecting neutral particles most experiments were limited to pion-nucleon elastic scattering with 
charged particles in the final state. Being the lightest non-strange particle next to the pion the jy-meson also becomes 

^ ^ an interesting probe to study nucleon excitations. A few experiments have been made in the past to investigate 

' ?7-production. The first near-threshold measurements 043 demonstrated that the reaction proceeds through a strong 
l/^ , S-wave resonance excitation which was later identified with 5*11(1535). An extensive study of the Tr^p — > rjn reaction 
' above W>1.7 GeV has been made in [1,0]. Both differential cross section and asymmetry data have been obtained. 
, However, due to possible problems with the energy-momentum calibration [7j] the use of these data might lead to 
psj ■ wrong conclusions on the reaction mechanism. Note that these problems are present not only in the ?7-measurements 

I [1, Q but also in the charge-exchange data obtained in the same experiment, 
s-j^ i Presently the development of the high-duty electron facilities (ELSA, JLAB, MAMI, SPring) offers new possibilities 
to study the r/-photoproduction both on the proton (rjp) and on the neutron {rjn). The first measurement of the rj- 
photoproduction on the neutron reported an indication for a resonance-like structure in the reaction cross section 
^ at W=1.68 GeV [1, Independent experimental studies [lol . [TT| confirmed the existence of this effect in the 771 
■ - - reaction. This phenomenon was predicted in [l2| as a signal from a narrow state - a possible non-strange partner of 
the pentaquark [l^. Another explanation has been suggested in where the observed effect was described by the 
contributions from the 5*ii(1650) or Pii(1710) states. Due to the lack of knowledge of the 5*ii(1650) and Pii(1710) 
resonance couplings to a clean separation of the relative contributions from these states is difficult. The general 
conclusion made in [13] is that both states might be good candidates to explain the observed structure. 

By fitting to the rjn cross sections and beam asymmetry the Bonn-Gatchina group provided an explanation [l^ for 
the second peak in terms of the S*ii(1650) state. Another contribution to the field has been made by the authors of 
[l6| . There the peak in the a^jon cross section ratio was explained by a cusp effect from the KH and Kh. rescattering 
channel. All these studies have been done assuming scattering on a quasi-free nucleon. At the same time a realistic 
analysis of meson photoproduction on the quasi-free neutron should include the nucleon-nucleon and meson-nucleon 
correlations (FSI-effect) which were shown to be very important [17i] and take into account corresponding experimental 
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cuts applied by the extraction of the quasi-free neutron data from 7D-scattering. The later issue might be crucial for 
the unambiguous identification of the narrow resonance contribution as discussed in [Tsl . 

If it is granted that the signal observed in the 771 scattering is due to the narrow (exotic) state one may expect 

to observe a similar effect in other eta-production reactions at the same energies, e.g in gamma-proton scattering. The 
experimental investigations of the 77-production on the proton made by the CLAS, GRAAL, and CB-ELSA/TAPS 
collaborations |19l423 | have found an indication of the dip structure around W=1.68 GeV in the differential cross 
section but not a resonance-like structure. This effect was also accompanied by the change in the angular distribution 
of the differential cross section. However, despite of extensive theoretical studies of the rj -production the reaction 
mechanism is still under discussion [2l|, [23l - [33 | . 

Recently the 7?-photoproduction on the proton has been measured with high-precision by the Crystal Ball collabo- 
ration at MAMI [35| . These high-resolution data provides a new step forward in understanding the reaction dynamics 
and in the search for a signal from the 'weak' resonance states. The main result reported in [3^ is a very clean signal of 
a dip structure around W=1.68 GeV. It is interesting to note that the old measurements of the ttN — >■ r/N reaction Q 
also give an indication for the second structure in the differential cross section at W=1.7 GeV. This raises a question 
whether the dip reported in the rjp reaction, the resonance-like signal observed in rjn and the possible structure in the 
ttN — > rjN cross section are originating from the same degrees of freedom or not. The second question is whether one 
of these phenomena can be attributed to the signal from a narrow (exotic) resonance state as discussed in [l^, ■ 

In our previous coupled-channel PWA study 1J| we proposed an explanation of the possible dip in the 77-proton 
cross section in terms of the destructive interference of the S'ii(1535) and S'ii(1650) states. The result was based 
on the rjp photoproduction data taken before 2006 [H, [ll] . The aim of the present study is to extend our previous 
coupled-channel analysis of the 7p — > r/p reaction by including the data from the high-precision measurements [35| . 
The main question is whether the rjp reaction dynamics can be understood in terms of the established resonance 
states. We emphasize that for reliable identification of the resonance contributions the calculations should maintain 
unitarity. Another complication comes from the fact that the most contributions to the resonance self-energy (total 
decay width) is driven by its hadronic couplings. Therefore the analysis of the photoproduction data requires the 
knowledge of the hadronic transition amplitudes. Hence the simultaneous analysis of all open channels (both hadronic 
and electromagnetic ) is inevitable for the identification of the resonances and extraction of their properties. In the 
present study we concentrate on the combined description of the (7/7r)p — > rjp scattering taking also the {'^/tt) — > TriV, 
27rA'', (jjN, KA channels into account. The results on the rjn reaction will be reported elsewhere. 

First, we corroborate our previous findings [3 US US where the important contributions from the 511(1535), 
S'ii(1650) and Pii(1710) resonances to the TriV — )■ rjN reaction have been found. The major effect comes from the 
S'li and Pii partial waves. The interference between the 5*11(1535) and 511(1650) states produces a dip in the 5ii 
amplitude. The Pu amplitude is influenced by the contributions from the Pii(1710) state. The interference between 
the 5ii and Pu partial waves leads to the forward peak in the differential cross section around W=1.7 GeV. We stress 
that the interference between two nearby states also includes rescattering and coupled-channel effects which are hard 
to simulate by the simple sum of two Breit-Wigner forms. 

We also confirm our previous finding that the interference between 5ii(1535) and 5ii(1650) is responsible for the 
dip seen in the rm data. The effect from the ujN threshold is found to be relatively small which is also in line with the 
conclusion of fj. Opposite to (2^ we do not find any strong indications for a narrow state in the Crystal Ball/Taps 
data around W=1.68 GeV. We have also checked our results for the ryp reaction above W=2 GeV where a number of 
new experimental data are available. Note that we do not use Reggezied t— channel exchange but include all t-channel 
contributions consistently into our unitarization procedure. Because of the normalization problem (4ll . |43 | between 
the CLAS [4^ and the CB-ELSA [2^ datasets the simultaneous description of these data is not possible. Above W=2 
GeV our calculations are found to be in closer agreement with the CLAS measurements [i^ . The CB-ELSA data (20j 
demonstrates a step rise around W=1.925 GeV for the scattering angles cos 6* = 0.85. ..0.95. It is not clear whether 
this phenomenon could be related to a threshold effect (e.g. (pN, ao(980)-/V, /o(980), or rj'N) or attributed to other 
reaction mechanisms. 

We conclude that further progress in understanding of the 77-meson production dynamics would be hardly possible 
without new measurements of the ttN — >■ rjN reaction. 



II. DATABASE 



Here we present a short overview of the experimental database relevant for the present calculations. The details on 
the KA, KY,, ojN channels will be given elsewhere. 

TriV — 7> r]N: The thorough overview of the ttN — > rjN experimental data (except the recently published Crystal 
Ball measurements [13l)) is given in Q- As already mentioned in Introduction only few measurements of the 77- 
production have been made with pion beams: except for |45|| where the eta-meson was produced in tt+D collisions. 
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all the data have been taken from the TT~p scattering fp-[l, 0, 13 • Unfortunately due to numerous problems with 
the experimental data from 0, Q (see discussion in [J and references therein) the use of these measurements in the 
analysis might lead to wrong conclusions for the reaction mechanism. Therefore, opposite to f48| we do not include 
these data in the analysis. Another measurement available above W=1.65 GeV is the data from Richards et al Q- 
In the first resonance energy region this cross section tends to be lower than results from other experiments. Since 
the old measurements quote only statistical uncertainties the reason for these differences is unclear. In their study 
the authors of 49] added systematical errors to all differential cross sections. We do not follow this procedure and 
include only quoted uncertainties in the analysis. 

7P — > "qp: a number of experimental studies have been performed in the resonance energy region HI, IsE S, 

[50l - [5a |. Most of these measurement are differential cross sections. The target asymmetry has been studied in [5J|. It 
has been observed that close to the t]N production threshold the asymmetry changes the sign at moderate scattering 
angles. The previous calculations of the Giessen Model [13, and the Mainz group [Sg] could not explain this 
feature. The description of this data would require an unexpected phase shift between the 5ii and D13 resonances 
as noted in [sB] • One may hope that the upcoming new measurements of the target asymmetry at the ELSA facility 
will solve this puzzle 's?] . 

For the beam asymmetry we use the recent data from the GRAAL 22] and CB-ELSA/TAPS 53] collaborations 
which cover the energy region up to W=1.91 GeV. For the differential cross section we use the recent high-quality 
Crystal Ball data 35]. Above W=1.89 GeV our calculations are constrained by the amalgamated data set from 
experiments QO^ 2L> 43J. Since the experimental uncertainties of the data [Ifl ^1, 38, 43] arc much larger than 
those in [sl] we reduce them by factor of 2. 

In the {■k/^)N — )• ttN channels our calculations are constrained by the single-energy solutions from the GWU 
(former SAID) analysis (58l - [60| . For the ttA'^ — >■ 27r7V transitions we follow the procedure described in [2^, [s^ 14^, [6lj . 
We continue to parameterize the 27rA'^ channel in terms of the effective C^N state, where C is an isovector scalar meson 
of two pion mass: = 2m7r. The final (^N state is only allowed to couple to nucleon resonances. Therefore the decay 
N* — >■ C,N stands for the sum of transitions N* Att, aN, pN etc. This procedure allows for the good description of 
the ttN — >■ 27riV partial wave cross sections extracted in j62|. However of case of the 7p — >■ 2ttN the same agreement 
cannot be expected. This is because of the enhanced role of the background contributions (due to e.g. the contact 
jpNN interaction in the — > pN transitions). After fixing the database a minimization is performed to fix the 
model parameters. 



III. GIESSEN MODEL 

Here we briefly outline the main ingredients of the model. More details can be found in [2^ IH, liO, [61I [g^, 113] • The 
Bethe-Salpeter equation is solved in the ii'-matrix approximation to obtain multi-channel scattering T-matrix: 

Ti\/s,p,p) = K{y/s,p,p') + J -^-^K{y/s,p,q)GBsiVs,q)T{y/s,q,p'), (1) 

where p (k) andp' {k') are the incoming and outgoing baryon (meson) four-momenta, T{y^,p,p') is a coupled-channel 
scattering amplitude, Gb5 is a meson-nucleon propagator and K{^/s,p,p') is an interaction kernel. The quantities 
T{^/s,p,p'), Gbs, and K(y^,p,p') are in fact multidimensional matrices where the elements of the matrix stand for 
the different scattering reactions. 

To solve the coupled-channel scattering problem with a large number of inelastic channels, we apply the so-called 
K-matrix approximation by neglecting the real part of the BSE propagator Gbs- After the integration over the 
relative energy, Eq. ([T]) reduces to 



t^^K^t'+i /rff7„XE^'"^™'% (2) 



where Tfi is a scattering matrix and Ai(A/) stands for the quantum numbers of initial(final) states f,i,n = jN, ttN, 
2ttN , TjN , ujN, KA, KY,. Using the partial-wave decomposition of T, K in terms of Wigner d-functions the angular 
integration can be easily carried out and the equation is further simplified to the algebraic form 



rpJ±,I 



(3) 



1 - iRJ^'i 



The validity of this approximation was demonstrated by Pearce and Jennings in [65| by studying different approx- 
imations to the BSE for ttN scattering. Considering different BSE propagators they concluded that an important 
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FIG. 1: s-,u-, and t- channel contributions to the interaction potential, i and / stand for the initial and final 7A'^, nN, 2ttN, 
rjN, iuN, KA, KT. states, m denotes intermediate t-channel meson. 
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TABLE I: Properties of mesons which give contributions to the rjN final state via the t-channel exchange. The notation (7, rj) 
means — > rjN etc. 

feature of the reduced intermediate two particle propagator is the on-shell part of Gbs- It has been argued that there 
is no much difference between physical parameters obtained using the iiT-matrix approximation and other schemes. 
It has also been shown in [6^ [g^] that for ttN and KN scattering the main effect from the off-shell part is a renor- 
malization of the couplings and the masses. 

Due to the smallness of the electromagnetic coupling the dominant contributions to the self energy stem from the 
hadronic part. Therefore we treat the photoproduction reactions perturbatively. This is equivalent to neglecting 
7iV in the sum over intermediate states n in Eq. ([2]). Thus, for a photoproduction process the equation (|3]) can be 
rewritten as follows [1^, H^] 

T/±-^ = Kj^'' + ^ E T^n'^Kf,^'^ (4) 

n 

where the summation in Eq.Q is done over all hadronic intermediate states. Here the matrix T^^'^ stems only from 
the hadronic transitions: indices / and n run over ttN, 2ttN, rjN, KA, K'E, ujN channels. The sum in Eq. ^ reflects 
the importance of the hadronic part of the transition amplitude in the description of photoproduction reactions. In 
other words, the amplitudes for the ttN — >■ ttN, r/N, ujN etc. transitions should always be included in the calculation 
of the photoproduction amplitudes. 

A. Interaction kernel and resonance parameters 

Here we present the main ingredients of the interaction kernel to the BSE Eq.([T|) relevant for 77-production. More 
details on other reactions can be found in [2^, [s^, [6l|, |6l, |6^. The interaction potential (i^- matrix) of the BSE 
is built up as a sum of s-, u-, and i-channel contributions corresponding to the tree level Feynman diagrams shown 
in Fig. dU). In the isospin I — ^ channel we checked for the contributions from the 511(1535), 5*11(1650), Pii(1440), 
Pii(1710), Pi3(1720), Pi3(1900), i:»i3(1520) £113(1900), P»i5(1675), Pi5(1680) , Pi5(2000) resonances. The resonance 
and background contributions are consistently generated from the same effective interaction. The Lagrangian densities 
are given in [H, [s^ \^ |6ll, [gI, [gI] and respect the chiral symmetry in low-energy regime. The properties of the t- 
channel mesons important for 77 production are given in Table HI Using the interaction Lagrangians and values of the 
corresponding meson decay widths taken from the PDG (69j the following coupling constants arc obtained: 

Qaarj-K — 2.100 , Qujrjj 0.27 , 

9pr,i = -0.64 , g^jj^ = -0.385 . 



All other coupling constants were allowed to be varied during the fit. The obtained values are given in Table llTI 
For the rjNN interaction we use pseudoscalar coupling , which has been also utilized in our previous studies [l^ . |25| . 
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TABLE II: Nucleon and t-channel couplings obtained in the present study. 
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TABLE III: Cutoff values for the form factors. The lower index denotes an intermediate particle, i.e. A'^: nucleon, ^: spin-^ 
resonance, |: spin-|, |: spin-| resonance, t: f-channel meson. The upper index ^(7) denotes whether the value is applied to 
a hadronic or electromagnetic vertex. The cutoff values used at electromagnetic it-channel vertices are given in brackets. 



l39l . kd . |6l|. The derived grjNN constant is found to be small which is in line with our previous results [ij, |40|. To 
check the dependence of our results on the choice of the rjNN interaction we have also performed calculations with 
the pseudovector coupling. However also in the latter case only a small griNN coupling constant has been found. 

Since the PDG gives only the upper limit for the decay branching ratio R(p — > irrj) < 6 x 10"'^ we allowed this 
constant to be varied during fit. However due to lack of experimental constraints this coupling cannot be fully fixed in 
the present calculation. We find a small overall contribution from the f-channel p-meson exchange to the 7r~p — > rjn 
reaction. The q^nn coupling is calculated from g^NN using the relation 

— = -tanA6l0/„, 

gLoNN 

where is a deviation from the ideal (t)-uj mixing angle. Taking — 3.7" from [g^ one gets for the ratio 

grt>NN I gu>NN ~ —1/15. Usiug this value a very small contribution from the t- channel 0-meson exchange to the 
77-photoproduction has been found. 

To take into account the finite size of mesons and baryons each vertex is dressed by a corresponding form factor: 

FM\^') = A4 + (,t_^2)2' (6) 

where g is a cm. four-momentum of an intermediate particle and A is a cutoff parameter. The cutoffs A in Eq. ^ 
are treated as free parameters being varied during the calculation. However, we keep the same cutoffs in all channels 
for a given resonance spin J : K'^j^ = A;J^^ = A;^^ = ... etc., (J = i, |, |). This significantly reduces the number 
of free parameters; i.e. for all spin-| resonances there is only one cutoff A — As for all decay channels. However for 
the photoproduction reactions we use different cutoffs at the s- and it-channel electromagnetic vertices. All values are 
given in Table Hill Except for the spin-| states, the s- and w-channel cutoffs almost coincide. 

The use of vertex form factors requires special care for maintaining the current conservation when the Born con- 
tributions to photoproduction reactions are considered. Since the resonance and intermediate meson vertices are 
constructed from gauge invariant Lagrangians they can be independently multiplied by the corresponding form fac- 
tors. For the nucleon contributions to meson photoproduction we apply the suggestion of Davidson and Workman 
[to} and use the crossing symmetric common form factor: 

F{s, u, t) = F{s) + F{u) + F{t) - F{s)F{u) ~ F{s)F{t) - F{u)F{t) + F{s)F{u)F{t). (7) 

The extracted resonance parameters given in Table IIVI are very close to the values deduced in our previous calcu- 
lations [TJ, which indicates the stability of the obtained solution. However some values changed upon inclusion 
of the new MAMI data [s^. The total width of S'ii(1650) tends to be larger than that deduced in our previous 
calculations [i^. The helicity amplitude is also modified but still is in good agreement with the parameter range 
provide d by PDG [gI]. The opposite effect is found for the Pii(1710) state where the total width is reduced once the 
data of [351 ] are included. The remaining resonance parameters are only slightly modified as compared to our previous 
results. 

The mass and width of the Roper resonance is found to be larger than deduced in other analyses [69|. However 
the authors of [7l| give 490 ±120 MeV for the total width. The large decay width 545 ± 170 MeV has also been 
deduced by Cutkosky and Wang [72| . Note that properties of this state are strongly influenced by its decay into the 
27rA^ final state. Arndt et al [73] found a second pole structure for the Roper resonance which might be attributed to 
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the coupling to the ttA subchannel. Since we use a simplified prescription for the 27riV reaction this effect cannot be 
properly described in the present calculations. 

The recent GWU(SAID) study of the ttN data shows no evidence for the Pn (1710) resonance. An indirect indication 
for the existence of this state can be concluded from the analysis of the TriV inelasticity and 2nN cross section in the 
Pii partial wave, see discussion in Section ITVl We find a small coupling of this resonance to the TriV final state. Since 
a clear signal from this state is not seen in the recent GWU solution, the determination of the total width turns out to 
be difficult. In our calculations we assume that this resonance has a large decay branching ratio to the -qN . However 
the quality of the ■K~p — -qn data does not allow for an unambiguous determination of the properties of this state. 

The mass and width of the 1513(1520) is more close to the values obtained by Arndt et al (T^]: 1516 ± 10 MeV 
and 106 ± 4 MeV respectively. It is interesting to note that the mass of this resonance deduced from the pion 
photoproduction tends to be 10 MeV lower that the values derived from the pion-induced reactions [6l|. The second 
Di3(1900) has a very large decay width. We associate this state with Di3(2080) as suggested in PDG. This resonance 
is rated with two stars and its existence is still under discussion. In our updated coupled-channel calculation of the 
w-production [sl] a large (joN and 27r7V decay branching ratios have been obtained. 

The properties of other resonances are very close to the values given in PDG. Except for 5i(1535) and Pii(1710) 
we find only small resonance couplings to rjN which is in accordance with our previous conclusions. One needs to 
stress that the smallness of the resonance coupling does not necessarily mean that the contribution from the state 
is negligible. The S'ii(1650) state produces for example a sizable effect in the eta-production due to overlapping 
with S'ii(1535). Another example is the effect from the £'i3(1520) state in 77-photoproduction on the proton. Here 
the smallness of the rjN branching ratio is compensated by the strong electromagnetic coupling of this resonance. 
Therefore the effect from this state could be seen in the E2- and M2- multipoles, see Section HV El However in most 
cases the resonance contributions with small branching ratios to the eta are hard to resolve unambiguously. 



B. Pole parameters 

It is interesting to compare the poles positions and elastic residues with the results from other studies, see TablelVl 
The calculated pole masses are very close to the values obtained in other analyses, see [i^. The agreement between 
imaginary parts and elastics residues is also good, though some differences exist between the present values and the 
results from other groups. 

For the 5*11(1535) state we obtain a smaller elastic residue (for definition of \R\ see [i^) \R\ — 15 MeV which is 
almost identical to the result of the GWU group |P|=16MeV [1^. Both values seem to be out of the range given 
in PDG 1691 50±20 MeV. It is interesting to note that the elastic residue from [59.] is included into the estimation 
made in |69| but still does not fit to the provided range. The value Fpoie = 89 MeV for the S'ii(1650) state is also 
comparable with the result from [5^: Fpoic = 80 MeV which are again less than the lower bound given in [69| . 

Though the derived pole mass of Pii(1440) is very close to the values deduced in other calculations we obtain a 
significantly larger pole width. As a result the elastic pole residue turns out to be also large |P| = 126 MeV. We note, 
that the extraction of the properties of Pii(1440) in the complex energy plane might require a proper treatment 
of the Pii(1440) 7rA(1232) 2ttN isobar decay channel where the overlap of the self-energies of the Pii(1440) 
and A(1232) states might be important for the determination of the properties of Pii(1440). This question will be 
addressed in (TSj . 

As we already mentioned the results for Pii(1710) are controversial. We find 159 MeV for the pole width. Somewhat 
greater value of 189 MeV has been obtained in [tI, [t^. The recent issue of PDG [IJ summarizes results for the pole 
parameters taken from four different analyses. Whereas the calculations [t^ [t^ give 200 MeV for the pole width, 
Cutkosky obtains a significantly lower value F=80 MeV [13, HH . This results in a large spread of the resonance width 
given by PDG, see Table |Vl The elastic residue is found to be small which is in accordance with the small decay 
branching ratio to ttN. The similar conclusion has also been drawn in [76j . 

Investigation of the P13- wave inelasticity [HI] shows that the Pi3(1720) state could have a strong decay flux into 
the 3ttN channel js^]. Therefore the calculation of its pole width might be affected by deficiencies in description of 
this channel. PDG estimations are based on several studies where Fpoic = 120 ± 40 by Cutkosky (sij is the lower 



limit. The upper bound Fpoio = 450 ± 100 MeV is given by the recent Bonn-Gatchina analysis [78|. Neither of these 
calculations includes the SttN channel explicitely. 

The situation with the second Pi3(1900) state is even more complicated. This resonance is rated by two stars in 
PDG and supposed to be rather broad. The latest GWU analysis [591] does not find any indication for this state. The 
present information about the pole parameters in PDG is based solely on the result of the Bonn-Gatchina calculations 
[78| which deduce the pole mass 1900 ± 30 MeV and the pole width 200^^™ MeV. These values are very close to those 
derived in the present work. 

The pole width of the i:»i3(1520) state ( 94 MeV) turns out to be 10 MeV less than the lower limit given in PDG[6i]. 
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9 


20 




1675(5) 
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0(1) 


— 


19(8) 


15(9) 
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0(1) 


— 


3(1) 
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— 


3 
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1685(5) 
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35(5) 


0(1) 




-15(6) 
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10 
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15(7) 
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TABLE IV: Resonance parameters extracted in the present study. The uncertainties are given in brackets. Hehcity decay 
amplitudes are given in 10~^GeV~2. 1st line: present study; 2nd line: [6^, 3th line: [6^. (-): the validity range is not given. 

The similar value of Fpoio — 95 MeV has also been obtained in the Jiilich model [8^ . Some analyses find additional 
poles associated with the Di3(1700) and Di3(1875) states [i^. We do not find any indication for Di3(1700). The 
pole position for the second resonance is close to the results of other calculation [6^. 

Though the elastic residues for the _Di5(1675) and Fi5(1680) states are comparable with the values given in PDG 
their pole widths are somewhat lower than those obtained in other studies |6t|. We also find an indication for the 
second state N(2000) with the pole mass of 1900 MeV and the width of 123 MeV, see TablefVl This resonance has a 
small coupling to the i:N final state what is in agreement with results from other calculations. 

IV. RESULTS AND DISCUSSION 

The lack of the experimental data for the pion-induced reactions does not provide enough constraints on the 
resonance parameters. Also the discrepancy among various measurements (see Section (|II| ) does not allow for a 
consistent description of the data in a full kinematical region. While the contribution from the 5ii(1535) state is 
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Re 2o(GcV) 


-2Imzo(MeV) 


jR|(MeV) 




511(1535) 


1.49 


100 


15 


-51 




1.49-1.53 


90-250 


30.. .70 


-1...-30 


Sii(1650) 


1.65 


89 


19 


-46 




1.64-1.67 


100-170 


20-50 


-50.. .-80 


Pii(1440) 


1.386 


277 


126 


-60 




1.35-1.38 


160-220 


40-52 


-75.. .-100 


Pii(1710) 


1.67 


159 


11 


9 




1.67-1.77 


80-380 


2-15 


-160.. .+190 


Pi3(1720) 


1.67 


118 


12 


-45 




1.66-1.69 


150-400 


7-23 


-90.. .-160 


Pi3(1900) 


1.91 


173 


10 


-64 




1.870-1.93 


140-300 


1-5 


45.. .-25 


Di3(1520) 


1.492 


94 


27 


-35 




1.505-1.515 


105-120 


32-38 


-5.. .-15 


Oi3(1875) 


1.81 


98 


3 


-76 




1.8-1.95 


150-250 


2-10 


20. ..180 


Di5(1675) 


1.64 


108 


20 


-49 




1.655-1.665 


125-150 


22-32 


-21. ..40 


Di5(1680) 


1.66 


98 


33 


-32 




1.665-1.68 


110-135 


35-45 


0...-30 


Fi5(2000) 


1.90 


123 


11 


-6 




1.92-2.15 


380-580 


20-115 


-60.. .-140 



TABLE V: Pole positions and elastic pole residues. First line: present study, second line: values from PDG [69l |. 



well established the reaction dynamics above W=1.6 GeV is still under discussion. One of the early Giessen coupled- 
channel calculations [14, 33, 40] found a destructive interference between S'ii(1535) and S'ii(1650) states. The second 
suggestion is a strong contribution from the Pn (1710)-resonance excitation above W=1.68 GeV. This resonance was 
established in the early single-channel Karlsruhe-Helsinki and Carnegie Mellon-Berkeley analyses (see PDG ^] and 
references therein). The independent study of the TriV — > {■K/ri)N reactions by the Zagreb group [8311 p rovides an 
additional evidence for the existence of Pii(1710). The result of [sS] confirm the assumption made in |39l. lioj on the 
important contribution from this state to the 77-production. However the recent analysis from the GWU group (soj 
finds no evidence for this state. The absence of a clear signal in the Pn partial wave of the elastic TriV scattering 
does not necessarily mean that this state does not exist. If the coupling to the final ttN state is small, the effect from 
this state might not be seen in TriV scattering. The evidence for the signal from the Pii(1710) resonance has also 
been reported from the study of the TriV — > KK reaction . On the other hand the result of the Bayestian analysis 
performed by the Gent group [11] demonstrates that Pii(1710) is not needed to describe the KK photoproduction. 
An opposite conclusion was drawn by the Bonn-Gatchina group which finds decay branching ratio of 23 ± 7% of this 
state io KK 

Another indication for this state comes from the analysis of an inelastic fiux in the Pn partial wave. In Fig. ^ the 
total inelasticity from the GWU analysis vs. the total 27r cross section extracted in [6^ is compared. The difference 
between the total iiN inelasticity and the total 27rA^ cross section at W=1.7 GeV in the Pi 1 -wave can be attributed 
to the sum of inelastic channels like 37rA^, rjN , rjirN etc. We assume here that the observed difference is due to the 
•qN production channel dominated by the Pii(1710) state. As g7rA'JV*(i7io) is assumed to be small this raises the 
question about the magnitude of the Pii(1710) contribution in the vrA^ — )■ r^N reaction. However the situation in 
77-production is different from the ttN elastic scattering. Here the contribution from Pii(1710) is proportional to the 
product gTTNN*(i7io)9vNN-'{i7io)j where 5TrJVW(i7io) is the coupling constant at the A^(1710) — !• r/N transition vertex. 
It follows that the contribution from the Pii(1710) can be significant provided that g,-iNN* {1710) is large enough. The 
interplay with background and coupled-channel rescattering would further increase this effect. 
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FIG. 2: (Color online) Calculated nN inelasticity and nN 2nN cross section in the Pii partial wave in comparison with the 
results from ^ (GWU2006) and [6i](Manley 1984). 
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FIG. 3: (Color online) Calculated differential tt p rjn cross section in comparison with the experimental data from: 
Prakhov 2005:111], Deinet 1969: [13], Richards 1970: [1], Morrison 2000:1111. 



A. TiN -> TjN 

The results of our calculations are presented in Fig. ([3|) in comparison with the world data. The first peak at W=1.54 
GeV is related to the well established 5*11(1535) resonance contribution. Though the effect from the 511(1650) state is 
hardly visible in the differential cross section this state plays an important role leading to the destructive interference 
between 5*11(1535) and 5*11(1650) as it has been pointed out in our previous calculations (sol. lioj. 

The second rise is due to the Pii(1710) resonance. This state has a small branching ratio to the TriV system but 




FIG. 4: (Color online) Total partial wave cross section tt p rju vs. experimental data. 



due to the large 77-coupling this resonance affects the production cross section at W=1.7 GeV. The coupled-channel 
effects and interference with other partial waves further enlarge the overall contribution from this state. 

The total partial wave cross sections are shown in Fig. |4l The destructive interference between the S'ii(1535) and 
S'ii(1650) leads to the dip in the total Sn-partial wave cross section around W=1.64 GeV (dotted line). The effect 
from the Pii(1710) state is shown by the dashed line, Fig. S) The contributions from other partial waves are found 
to be small. We also corroborate our previous results [63] where only minor contributions from spin J > § resonance 
states were obtained. Both t-channel oq and p meson exchange and u— channel graphs give small effects. The inclusion 
of the higher spin state Di3(1520) into the calculations is still im por tant to reproduce the correct shape of the cross 
section. This feature is also found in many other calculations, e. g;.|39l lioj. It is interesting to note that importance of 
the Pii(1710) resonance contribution has recently been found in |48| which is in line with our previous results p^l40|. 

Since the main contributions in our calculations come mainly from the 5*1 1 and Pn partial waves it is interesting 
to trace back the interference effect between them. Neglecting the higher partial waves the differential cross section 
can be written in the form 

da 



dcosiO) ^ 1 + "^- UJ' 

where is a scattering angle and a — ^ [g^^^p"^ — 1^ only depends on the cm. energy. Then the angular distribution 

should have a maximum (minimum) at forward angles depending on the relative phase between the nonvanishing 6*11 
and Pii amplitudes. In our calculation the interference between 5*11 and Pn partial waves produces a peak at forward 
scattering angles and energies above W=1.67 GeV, see Fig. ([3|). As a result the signal from the Pii(1710) resonance 
becomes more transparent for forward scattering. This is in line with the data of Richards et al [3| confirming our 
guess about the production mechanism. The inclusion of higher partial waves would modify Eq. ([5]) . However these 
contributions are relatively small (see Fig.(|4])) thus producing only minor deviations from the distribution Eq. ([8]). 

Note, that due to numerous problems with the experimental data our calculations above W=1.6 GeV are only partly 
constrained by experiment. Indeed, once the data are neglected there are only 30 datapoints from experiment [sf. 
This data has relatively large error bars and seems not to be fully consistent with other measurements [7|. Therefore, 
the results for the differential cross section might be regarded as a prediction rather than an outcome of the fit. This 
demonstrates an urgent need for new measurements of the t:~ N — > r]N reactions above W=1.6 GeV. This would be 
a challenge for the the upcoming pion-beams experiment carried out by the HADES collaboration at GSI. 



B. rjN rjN amplitude and rjN scattering lengths 



The result for the rjN rjN transition amplitude in the 5*11 partial wave is presented in Fig. [5j Close to threshold 
the elastic rjN scattering is completely determined by the contribution of the S'ii(1535) resonance. At higher energies 
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FIG. 5: Calculated Sii partial wave amplitude of the elastic rjN scattering. 



the excitation of S'ii(1650) also becomes important. The interference between those two Sn-states produces an excess 
structure in the imaginary part of the amphtude at W=1.65 GeV. 

The rapid variation of the 5'ii-amphtude close to threshold indicates that this energy dependence should be taken 
into account when the rjN scattering length is calculated. Here we use the definition for the effective range expansion 



from [87| : 



9c. m. . 1 I ''0 2 I 4 /■n\ 
+ iqc.m. = + -TTlcm. + « Qcm.^ (9) 

where S^^ is an elastic partial S-wave amplitude, and a^Ar, tq and s are scattering length, effective range, and effective 
volume respectively. The results are shown in Table IVTl in comparison with values deduced from other coupled-channel 
calculations ( results published before 1997 are discussed in [83 ). The obtained value of ar^N is very close to our 
previous results [s^ . The values for the real part deduced in [SSj and [s^l are lower than in this work. The study [ssj l 
gives 1.550 GeV for the mass and 204 MeV for the width of the 511(1535) state which are somewhat greater than in 
the present calculation. This could be one of the reasons for the differences in RearjN- 

In [U only the iS'ii(1535) state is taken into account to calculate transition amplitudes to the rjN channel. Since 
the parameters of S'ii(1535) in [s^] are close to the values obtained in the present study the observed difference in 
Re a^AT might be attributed to the different treatment of background contributions which have been assumed in (STj 
to be energy- independent. The second piece of uncertainty is related to the quality of the world data of ttN — )■ rjN 
scattering. Hence, precise measurements of this reaction would provide an additional constraint on rjN scattering 
length. 

The non-vanishing imaginary part of o^at is mostly driven by rescattering in the ttN channel. Since the largest 
contributions to the scattering length are produced by the S'ii(1535) state the imaginary part of arjN is strongly 
influenced by the decay branching ratio of this resonance to ttN . Only a minor effect is found from the rescattering 
induced by background contributions and inelastic flux to the 2ttN channel. Since the 7rA^A^*(1535) coupling is 
well flxed an agreement in Im(a^Ar) between various model calculations can be expected provided that unitarity is 
maintained. 

The obtained value of the scattering length should be taken with care when in-medium properties of the 77-meson 
are considered. As it has already been pointed out in [s^] the Sn amplitude has a strong energy dependence - a 
feature which might affect the 77-potential. JThe second reason is that properties of the 5*11(1535) resonance might also 
be subjected to in- medium modifications [891] . Both effects should be taken into account when 77- meson properties in 
nuclei are studied. 



C. -fN ffN below 1.89 GeV 

The results of our calculation of the differential cross section in comparison with the recent Crystal Ball/MAMI 
measurements are shown in Fig. (jS]). Our calculations demonstrate a nice agreement with the experimental data in the 
whole kinematical region. The first peak is related to the 5*11(1535) resonance contribution. Similar to the 7r~p — rjn 
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Reference 


a^iv (fm) 


ro 


(fm) 


present work 


0.99±0.08 + i0.25±0.06 


-1.98±0.1 


- i0.43±0.15 


[39] 


0.99 + iO.34 


-2.08 


- i0.81 


[88] 


0.734±0.026 + i0.269±0.019 






[87] 


0.75±0.04 + i0.27±0.03 


-1.5±0.13 


- i0.24±0.04 


[90] 


0.43+ i0.21 








reaction the 511(1650) and 5*11(1650) states interfere destructively producing a dip around W=1.68 GeV. Though the 
effect from the Pii(1710) state is only minor, the contribution from this resonance produces a rapid change in the 
Mi_ photoproduction muhipole, see Section HV El The coherent sum of all partial waves leads to the more pronounced 
effect from the dip at forward angles. Note that the resonance contribution to the photoproduction reaction stems 
from two sources: the first is related to the direct electromagnetic excitation of the nucleon resonance and the second 
comes from rescattering e.g. jp — )■ TriV — )• rjN, Eq. At this stage the hadronic transition amplitudes e.g. T^at^-i^jv 
become an important part of the production mechanism. The sum of these contributions in the Pn wave turns out 
to be destructive which reduces the overall contribution from the Pii(1710) state. We also corroborate our previous 
findings jl^] where a small effect from the luN threshold was found. We also do not find any strong indication for 
contributions from a hypothetic narrow Pu state with a width of 15-20 MeV around W=1.68 GeV. It is natural to 
assume that the contribution from this state would induce a strong modification of the beam asymmetry for energies 
close to the mass of this state. This is because the beam asymmetry is less sensitive to the absolute magnitude of the 
various partial wave contributions but strongly affected by the relative phases between different partial waves. Thus 
even a small admixture of a contribution from a narrow state might result into a strong modification of the beam 
asymmetry in the energy region of W=1.68 GeV. 

In Fig. ([8|) we show the calculation of the photon-beam asymmetry in comparison with the GRAAL measurements 
[23 |. One can see that even close to the r]N threshold where our calculations exhibit a dominant 5ii production 
mechanism (see Fig. ([7]) ) the beam asymmetry is nonvanishing for angles cos(6') > —0.2. This shows that this 
observable is very sensitive to very small contributions from higher partial waves. At W=1.68 GeV and forward 
angles the GRAAL measurements show a rapid change of the asymmetry behavior. We explain this effect by a 
destructive interference between the 511(1535) and 5ii(1650) resonances which induces the dip at W=:1.68 GeV in 
the 5ii partial wave. The strong drop in the 5ii partial wave modifies the interference between 5ii and other partial 
waves and changes the asymmetry behavior. Note that the interference between 5ii(1535) and 5ii(1650) and the 
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FIG. 7: (Color online) 7p —>■ rjp partial wave cross sections vs. measurements [2(]|. l2ll. |3S 
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FIG. 8: Calculated beam asymmetry. Experimental data are taken from [23] fCRA ALO?) . 



interference between different partial waves are of different nature. The overlapping of the 5ii(1535) and 5ii(1650) 
resonances does not simply mean a coherent sum of two independent contributions, but also includes rescattering 
(coupled-channel effects). Such interplay is hard to simulate by the simple sum of two Breit-Wigner forms since it 
does not take into account rescattering due to the coupled-channel treatment. 

The GRAAL collaboration finds no evidence for a narrow state around W=1.68 GeV. We also find no strong need 
for the narrow Pn resonance contribution to describe the asymmetry data. Taking contributions from the established 
states into account our results are in close agreement with the experimental data p^ . 
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FIG. 9: (Color online) Differential rjp cross section as a function of the scattering angle. The data are taken from CLAS 2009: [43 
and CB-ELSA: t2fl]. 




FIG. 10: (Color online) Differential rjp cross section as a function of cm. energy at fixed forward angles. Data are taken from 
CLAS 2009:1111, CB-ELSA: [131, and MAMI2010:[3i|. 



D. jN ^ r^N above 1.89 GeV 



Since the MAMI measurements are available up to W=1.89 GeV the calculations in the region W=1.89 ...2. GeV 
are constrained by the combined data set constructed out of the recent CLAS and CB-ELSA/TAPS [l^, HI] data. 
Due to some inconsistencies between these two experiments [4l|, we did not try to fit the data above W=2.GeV 
but instead extrapolate our calculation into the higher energies. In this region the t-channel exchange starts to play a 
dominant role. One of the accepted prescriptions is to use a Reggeized t-channel meson exchange as suggested in [2J]. 
We do not follow this procedure here but include all t-channel exchanges into the interaction kernel. This allows for 
a consistent unitary treatment of resonance and background contributions. The calculated differential cross section is 
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presented in Fig. ([9]) as a function of the scattering angle. Except for the energy bin W = 2.097 GeV our results are 
found to be in close agreement with the CLAS measurements. The major contribution to the differential cross section 
at forward angles comes from p- and w-meson exchanges. The effect from the ^-meson is small due to the weakness 
of the (j)NN coupling as dictated by the OZI rule |9ll493| . We also checked for the contributions from the PrimakofF 
effect which is found to be negligible at these energies. 

It is interesting to compare our calculations with the data [13, at forward angles plotted as a function of the 
cm. energy, see Fig. (1101) . The cusp due to the ujN production threshold is clearly seen in our calculations around 
W=1.72 GeV. The quality of the data is still not good enough to unambiguously resolve the cusp induced by the ujN 
threshold in the experimental data. Note, that the calculations are done assuming a stable w-meson. Taking into 
account the final w-width would smear out this effect. Since the ujN threshold lies 45 MeV above the dip position ( 
W=1.68 GeV) we conclude that this effect cannot explain the dip in the differential cross section. This conclusion is 
opposite to that drawn in |27| . 

The discrepancy between the CLAS ^] and CB-ELSA/TAPS data is better seen at cos(6') — 0.75 whereas for 
cos(0) = 0.85 the measurements are found to be in better agreement. One of the interesting features observed in the 
recent CB-ELSA data is a sudden rise of the differential cross section at W=1.92 GeV. The effect is more pronounced 
at cos{9) = 0.85. ..0.95 and is absent at other scattering angles. This phenomena might be attributed to sidefeeding 
from of one of the inelastic channels (e.g. (j)N, ao(980)iV, /o(980), or r/'N). However the problem with normalization 
inconsistencies between the CLAS and CB-ELSA data should be solved first before any physical interpretation can 
be given. 

E. eta-photoproduction multipoles 

The extracted — >■ rjp multipoles are presented in Fig. 1111 The major contribution to the Eq^ multipole comes 
from the 5*11(1535) resonance. The second 511(1650) plays an important role in the region W=1.6...1.7 GeV. We 
corroborate our previous results [l^ where only a small effect from the spin-| states has been found. A very small 
signal from the Fi5(1680) resonance is seen in the i?3_ and M3_ amplitudes at W=1.68 GeV. 

It is interesting to note that the effect of Di3(1520) is clearly seen in the £^2- and A/2- though the overall contribution 
from this state turns out to be small. The Mi_ multipole is affected by the Roper and Pii(1710) resonances leading 
to the rapid change in both real and imaginary parts of the amplitude at W=1.7 GeV. In the region W=1.48...1.6 
GeV both the imaginary and the real parts of all multipoles with I ^ are of the order of magnitude smaller than 
Eo+ due to the strong dominant contribution from 5ii(1535). However for higher energies the infiuence of amplitudes 
with / 7^ becomes also important. 

V. CONCLUSION 

We have performed a coupled-channel analysis of pion- and photon-induced reactions including the recent eta- 
photoproduction data from the Crystal Ball/MAMI collaboration. In the region W=1.89...2.0 GeV our solution is 
constrained by the combined dataset built from the recent CLAS and CB-ELSA/TAPS measurements. The dip in 
the differential cross-sections at W=1.68 GeV reported in is described in terms of an interference of the 5ii(1535) 
and 5ii(1650) states. We stress that such an interference also includes coupled-channel effects and rescattering which 
is hard to simulate by a simple sum of two Breit-Wigner contributions. The additional contribution at W=1.68 GeV 
comes from the Mi_ multipole where the excitation of the Pii(1710) leads to a rapid change of the real and imaginary 
parts of the amplitude. We conclude that the cusp due to the ujN threshold seen at 1.72 GeV is not important for the 
explanation of the dip at W=1.68 GeV. However the quality of the data is still not sufficient to resolve the threshold 
effect completely. 

Above W=1.9 GeV the t-channel p- and w-exchanges start to play a dominant role in the calculations. The effect 
from the <^-meson exchange is less important because of the smallness of the (pNN coupling. We have also checked 
for the contribution from the Primakoff-effect which is found to be negligible. In the region W=1.9...2.2 GeV our 
calculations tend to be in closer agreement with the CLAS data. 

It is interesting to note that above W=1.92 GeV the cross sections of the CB-ELSA/TAPS collaboration indicate 
a sudden rise from 0.2 ph up to 0.3 ph. The effect is observed only for scattering angles cos{9) = 0.85. ..0.95. This 
phenomenon might be attributed to sidefeeding from of one of the inelastic channels (e.g. (f>N, ao(980)A^, /o(980), 
or rj'N). However the origin of the normalization discrepancies between the CLAS and CB-ELSA/TAPS data should 
first be understood before any physical interpretation can be given. 

In the 7r~p — > rju reaction the main effect comes from three resonances 5ii(1535), 5ii(1650), and Pii(1710). Similar 
to eta-photoproduction on the proton the overlap of the 5ii(1535) and 5ii(1650) states produces a dip around W=1.68 
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FIG. 11: (Color online) yp rip multipoles extracted in the present study. 



GeV. For energies W > 1.68 GeV the contribution from Pii(1710) is found to be important. The above reaction 
mechanism for the {'-f/Tr)N — >■ rjN reaction is in line with our early findings |14] | where the resonance like-structure in 
ry-photoproduction at W=1.68 GeV on the neutron was explained by the excitations of the 511(1650), and Pii(1710) 
resonances. 

We conclude that further progress in understanding of 77-meson production would be hardly possible without new 
measurements of the ttN — >■ rjN reaction. The experimental investigation of this reaction would help to establish the 
resonance contributions to the ?7-photoproduction above W > 1.6 GeV. Finally, the study of the r/A^-channel with 
pion beams would solve the question whether the observed phenomena in 77 photoproduction have their counterparts 
in ttN — > 77 scattering. 
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